Abstract-We present measurements of the X-ray emission characteristics of laser-irradiated flashlamp foils which are candidates to produce by resonant photoexcitation a population inversion in either a neon or fluorine lasant gas. Using the Shiva 1.06 firn laser, we heated Fe, Cr, and Ni foils to study the brightness and centroid energies of X-ray lines stemming from L-M transitions. Results indicate that appropriately bright and uniform sources can be produced. 0
I. INTRODUCTION VER the past two decades, a wide variety of schemes have been proposed to generate lasing action in the soft X-ray region of the spectrum (20 < hv < 200 eV). For a complete description of many of these schemes, see review papers by Waynant and Elton [ 11 and Elton [2] . Our work focuses on schemes which can be pumped using an Nd : glass laser. In fact, Hagelstein [3] has performed detailed computer modeling for a variety of Nd: glass laser-pumped soft X-ray laser schemes. Because of the considerable gain ( a 20-50 cm-') he computes, one particular scheme has captured our attention. The method is to use resonantly pumped photoexcitation to produce a population inversion between either n = 4 to n = 3 states (laser output, -50 eV) or n = 3 to n = 2 states (laser output -120-150 eV) in He-and H-like neon or fluorine. This concept of resonant photoexcitation was first proposed by Vinogradov et al. [4] , then Bhagavatula [5] . They suggested photoexcitation using nearly resonant line pairs; in fact, they listed several coordinates, among which was the sodium-neon pair (Na 2 ' P -1 ' s and Ne 4'P-1 ' S ) with AE N 0 45 eV and the silicon-aluminum pair (Si XI1 2 ' P -1 ' s and Al XI11 3' P-1 ' S ) with AE = 3.9 eV. Fig. 1 presents more detail on the method required to achieve a population inversion using resonantly pumped photoexcitation. X-rays produced by a laser-heated flashlamp strip the cold lasant (in this example, neon) gas down to a helium-like state of ionization. For the case of an n = 4 to n = 3 laser, a line near A = 11.000 a (within A x = k0.003 a) must be present in the flashlamp foil X-ray spectrum to resonantly photoexcite helium-like ions from the ls2('S0) ground state to the ls4p('P) Manuscript received February 10, 1983; revised July 18, 1983 . This work was performed under the auspices of the U.S. Department of Energy by the Lawrence Livermore National Laboratory, Livermore, CA, under Contract W-7405-ENG-48. excited state. Electron collisions will then primarily populate higher angular momentum n = 4 states such as the ls4d('D), ls4f('F) which are dipole forbidden to relax to the ground state. In addition, the lower state of the X-ray laser, namely the 1~3p('P) or 1~3d('D), rapidly decays by dipole emission to the ls2p('P) and ls2s(lS) states.
We can therefore obtain a population inversion between the n = 4 and n = 3 states. The n = 3 to n = 2 laser scheme operates in a similar manner except that the n = 3 states are preferentially excited with a wellchosen flashlamp line. Some candidates for flashlamp materials whose X-ray spectrum contains pump lines at energies close to suitable states in He-like neon or fluorine are given in Table I . This is not an exhaustive list (see, for example, [3] ), but it does represent those which have received the most attention to date. Note that, except for He-like Na transitions, all of the pump candidates involve L -+M transitions from moderate Z (Z = 24-28) ions. A careful experiment to accurately determine these flashlamp line energies has now been done by Burkhalter et al. [ 6 ] . The X-ray emission characteristics of the laser-irradiated U.S. Government work not protected by U.S. copyright Atom. Molec. Phys., vol. 10, p. 1253 ,1977 flashlamp foil must be well known before a quantitative evaluation of such a photopumped XRL scheme can be made. The goal of the experiments reported herein was to characterize the spectra produced by some of these flashlamp candidates with 1.064 pm irradiation using the Shiva Laser Facility at LLNL. In particular, we attempted to measure the absolute intensity and photon energy as well as angular distribution, line width, and temporal history (relative to that of the 1.064 p m heating laser) for candidate pump lines for irradiation conditions similar to that which will be attempted on Novette [7] (a 10 kJ X, = 0.53 pm two-beam laser facility, which is the successor to Shiva).
The primary results of the experiments are the following: 1) we characterized the intensity and angular distribution of the candidate X-ray spectrum, 2) we verified that uniform pumping of the flashlamp foils leads to uniform X-ray emission, 3) we measured the line energies to k 4 eV accuracy which is insufficient to certify resonant overlap with Ne or fluorine states, and 4) we illustrated that the time duration o f emission from the flashlamp X-ray spectrum is nearly twice as long as the 1.064 pm heating pulse.
EXPERIMENTAL SETUP

A . Target Description
A schematic of the flashlamp target is shown in Fig. 2 . It consists of a thin metallic layer (-400 A thick) deposited on a -0.5 pm disk of parylene for mechanical strength. Such thin layers of metals were necessary to ensure maximum X-ray brightness since their emissions would be used in transmission to pump a laser cavity. The thickness was also determined to be the most suitable by computer simulations of the laserplasma interaction. In essence, the thickness coincides with the distance that the ablation (heat) front moves during the laser pulse. The diameter of the foils were -2 mm. The foils were suspended across a thin (25 p m thick) Mylar hoop that was 3 mm in OD. An alignment aid in the form of a 300 pm diameter ball was included to facilitate centering of all ten Shiva beams. The targets were irradiated either normal to the bottom set of Shiva beams (for absorption measurements) or at an angle of 30" (rotation in 0 where 6' is the angle relative t o the axis of the incident laser beam cluster). The irradiation in the rotated case enabled diagnostics to view both the front and rear sides of the target. The uniformity and composition of the targets was measured by the Materials Measurement Group of Target Fab. The measurements were performed on foils from which the actual flashlamps were cut and thus should adequately represent the targets.
Overall uniformity (with resolution of -100 pm) determined by both light transmission and sputter erosion was measured to be at least 20 percent. Scanning electron Auger spectroscopy was used to measure the axial material profile of the flashlamp. The results of such a measurement on an Fe flashlamp are shown in Fig. 3 . As can be seen in the figure, the bulk flashlamp material (350-450 A) has both a thin hydrocarbon (2-10 A) IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. QE-19, NO. 12, DECEMBER 1983 and oxide layer (10-50 a) layer on the surface. A 5-20 a thick oxide and hydrocarbon layer is also seen at the parylene substrate interface. The measured low levels of contaminants should not influence the production of flashlamp X-rays (a thick surface layer of oxygen, e g , could quench the heating of the metal flashlamp material and consequently reduce the conversion of Shiva laser light to X-rays).
B. Flushlamp Diagnostics
The principal diagnostics used in these measurements are illustrated in Fig. 4 . The primary measurement was accomplished using time and space integrated crystal spectrographs [8] . The temporal history of X-ray emission was also monitored using the LLNL soft X-ray streak camera [9] coupled to a transmission grating [lo] . A kirkpatrick-Baez (KB) microscope, filtered to look at X-ray energies -1 keV, measured the uniformity of the time integrated X-ray emission and the filter fluorescer spectrometer recorded the highenergy (hv > 6 keV) X-ray yield. Target absorption was obtained with an array of scattered light 1.064 pm filtered pin diodes. The laser performance was carefully monitored (e.g., total energy in each beam, pulse length (using optical streak cameras), and spatial profile).
C. Irrudiution Conditions
The incident laser irradiation conditions are summarized in Table 11 . For each shot we list target number, thickness of flashlamp materials, angle of target normal with respect to the laser longitudinal axis, the laser pulse widths measured by several different streak cameras, the total incident laser energy on target, and the nominal laser intensity on target for a 1 mm diameter laser spot (the ten lower Shiva beams (beams 1-10> were overlapped to an approximate beam spot diameter of 1000 pm). Peak laser intensities for these experiments are typically 1-2 X l O I 4 Wjcm' for a pulse length of 100-120 ps.
RESULTS
A . Absorption, Suprathermal X-Rays, X-Ray Source Uniformity
Target absorption was measured by an array of 1.064 pn1 filtered pin diodes as well as incident and backscattered calorimeters. Light absorption is an important quantity which determines the efficiency of conversion of laser light into target heating, which ultimately results in the desired quantity, namely X-ray production. For the absorption measurements, Fe and Fe-Cu disk targets were oriented at normal to the laser beam to facilitate angular integration over the finite pin diode array. The large effective f-number of the Shiva beam clusters (-f/l) and the long laser pulse (7 -100-120 ps) will result in a negligible dependence of the target absorption on angle of incidence (at least for angles <30°). Furthermore, we had expected no significant Z dependence for the modest range of target materials covered in the experiments.
A typical scattered light distribution, obtained on shot 81 122202, is shown in Fig. 5 . The light distribution shows good azimuthal symmetry (i.e., symmetric emission pattern Table I11 for the two representative absorption shots. Errors in the individual measurements due to both calibration uncertainties and angular integration are also given in Table 111 . An absorption value of 45 k 9 percent is thus obtained from the data.
In order to aid in understanding the absorption mechanisms and to estimate the influence of high-energy electrons on the population kinetics, we attempted to measure the high-energy bremsstrahlung X-rays (hv > 6 keV) from the targets using the Shiva filter fluorescer diagnostic. These X-rays are produced by electrons depositing energy deep into the colder (inner) regions of the disk target. Despite the instrument being set at maximum sensitivity, no detectable signal above background was obtained on all but the highest energy (intensity) shot. Estimates of the suprathermal electron temperature from resonance absorption for the irradiation conditions used in the experiments lie in the range of 4-7 keV (this assumes all of the beams add to give peak intensity of -2 X 1014 W/cm2). The minimum detector level of the instrument in this energy range is -3-5 X 10l2 keV/keV . sphere (this is for the 7.7 keV channel). Thus, if the suprathermal electrons are confined to the high-2 plasma (whose initial thickness is only -45 percent of the suprathermal electron range) and they lose all of their This discussion does not include suprathermal electron losses to a fast ion expansion for which no measurements exist. It should be noted, however, that Argus and Shiva experiments at similar irradiation conditions (intensity and pulse width) but with thicker targets (thickness > 5 pm), suggests that < 5 percent of the absorbed energy is deposited into the target by suprathermal electrons.
On the highest energy shot (81 121712) small X-ray signals were obtained on the three lowest energy channels (6.1, 7.7, and 9 keV). The data quality, however, does not warrant the construction of a spectrum from these results which in addition may be compromised by the presence of X-rays from bound-bound transitions.
The two-dimensional time integrated spatial characteristics of the X-ray region were measured by an 8X magnification KB X-ray microscope viewing the rear side of the target with a line-of-sight along the incident laser axis. The 1000 A A1/3.2 pm mylar filter resulted in a channel response in the vicinity of &0.8-1.2 keV. A processed image (shot 81 122207), recorded on Kodak No-Screen film, is shown in Fig. 6(a) . This image provides a source "area" which is needed to determine the X-ray flashlamp brightness. Vertical and horizontal scans through the image center are displayed in Fig. 6(b) and (c). The overall dimension (full width 0.1 maximum) of the image is -1000 pm with a FWHM of -750-820 pm. The relatively soft edge of the image could be due to both time integration and the overlapping of the 10 beams. Whereas the overall image does not show any small scale length structure (time integration may again be responsible) there is a relatively long scale variation (1.5 : 1) in the X-ray image over a scale length of -500-700 pm.
It would be of considerable interest to relate the observed X-ray image to the expected laser irradiation profile. However, we do not have a verifiable diagnostic of the Shiva irradiation profile on the target. In Fig. 6(d) , we show a representative line-out of the near-field profile of one Shiva beam (beam #S) recorded during the experimental sequence. This was not recorded in the target plane, but because of the focusing employed in the experiment, it should be representative of an individual beam.
The scan shown in Fig. 6 (d) shows both small (scale length -0.1 beam diameter) and large scale length (-0.5 beam diameter) modulation with peak: valley ratios of 1.2-1.5 : 1 and 2 : 1, respectively. As previously discussed, a long scale length modulation is also suggested by the X-ray microscope image. The integrated intensity on target, obtained by overlapping the ten beams, should provide a more uniform irradiation profile than shown in Fig. 6 (d) (-10.5 smoother) but this cannot be experimentally verified. A uniform irradiation profile is desirable since the X-ray emission profile usually emulates it and we, of course, desire a spatially uniform flashlamp X-ray source.
B. X-Ray Spectra
Detailed measurements of the emission spectra from the flashlamps were the principle goals of these experiments. Of particular interest were the following: 1) the total yield (joules) and power (J/s) of the L-shell X-ray emission from the flashlamp foils; 2) the angular dependence and relative emission strengths of the lines in the spectrum; 3) the energy position and the brightness (keV/keV . sr . cm2 . s) of the X-ray lines in the vicinity of the resonance with the upper energy level of the laser transition; and 4) to check for lines which could destroy the inversion, namely transitions which populate the laser's ground state. The total X-ray yield is an important quantity because these flashlamp X-rays are necessary to strip down the lasant gas to its helium-like or hydrogenic ionization state. Moreover, details of the emission spectra (relative emission levels from transitions in various ionization derstand opacity effects) serve as a valuable check on the design codes, LASNEX (laser-plasma interaction physics and hydrodynamics) and XRASER (detailed atomic physics ionization kinetics and X-ray line transport). The brightness of the individual lines from the flashlamp are important since they determine the extent of an inversion and consequently the gain of the laser media.
To experimentally determine the above spectroscopic quantities, we combined measurements from several different instruments (see Section 11-B). The spectrographs were positioned to provide information on the time and space integrated X-ray spectrum emitted from both the front laser irradiated surface (see Fig. 4 ) as well as behind the flashlamp foil. Because they measure the spectrum which will be experienced by the X-ray laser gas medium the rear viewing measurements were of primary importance to these experiments. The procedure for calibrating the spectrographs and the film (Kodak SB-5) is written in an unpublished report [8] . This calibration is the single most uncertain quantity (-550 percent in X-ray intensity) in determination of the absolute intensities for the X-ray lines emitted by the candidate flashlamp foils. The spectrographs were set up to measure the X-ray spectrum emitted in the 0.7-1.2 keV (up to 1.4 keV for the front-viewing spectrographs) X-ray region. Both spectrographs used KAP (POtassium acid phthalate) diffraction crystals for which 2 d = 26.632 8. The spectra were photon energy calibrated utilizing absorption edges from known material foils that were placed over the entrance aperture to the spectrographs. Calibration to known spectra features in the case of the Fe and Cr data was also utilized. Spectra were conservatively calibrated to within 1 5 eV photon energy. Fig. 7 . The poor instrument resolution precludes observation of individual lines but it does show the expected result, namely that the energy centroid of the emission increases with target Z. In Fig. 8 as an example we show the time history of the L-shell emission from a Cr flashlamp. The rise time of the X-ray emission is consistent with a 100 ps driving laser pulse (the laser pulse is measured to Gaussian with a 100-120 ps FWHM) but it decays more slowly with a characteristic time of -220 ps. The FWHM of the X-ray emission is -200 ps which is 1.5-2 times greater than the laser pulse.
Typical time and space integrated spectra obtained from the Fe, Cr, and Ni flashlamp foils are shown in Figs. 9, 10, and 11, respectively. All of these data were obtained from a spectrograph at 35" to the target normal. In Fig. 12 we also show, for comparison, the important case of a Cr spectrum obtained with one of the rear-side spectrographs (38' to target normal). Except for the Ni spectrum, all data were energy calibrated using one of the known Li-like 3 -+ 2 transitions. The specific calibration lines are shown on the figures. For the Ni spec- trum, the spectral coverage cut off below the Li-like transition energy region and so we used one of the well-known Ne-like 3d -+ 2 p transitions (which is again noted on the figure) .
The linewidths in the case of both instruments are dominated by source size. The width is -1.8 eV FWHM for the front-side spectrograph, whereas it is -1.4 eV FWHM for the rear-side spectrograph; the latter being smaller owing to a dif- 
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tensity as that illustrated in Fig. 9 . trum in Fig. 9(a) , we can observe groups of lines from about 0.8-1.1 keV which represent distinct stages of ionization from Ne-like to Li-like, respectively. The higher energy "clump" around 1.25 keV is made up of the n = 4-2 transitions instead of the more intense n = 3-2 transitions.
An interesting illustration of the sensitivity of the spectrum to laser irradiation intensity is demonstrated by comparing Fig. 9 to Fig. 13 . These are both Fe spectra but the latter is irradiated at approximately twice the laser intensity. In the higher energy case, the bulk of the emission moves up from 0.97 to 1.03 keV and the spectral features associated with higher stages of ionization (namely, Li-like) are more pronounced, The spectra were not obtained under equivalent target/laser orientation so conclusions should not be made regarding absolute intensity scaling with laser intensity.
Some of the more important spectra measured in our experiments were those from Cr since it was a prime candidate for pumping He-like fluorine to produce a 42.3 eV laser. The data obtained from Cr were also of higher quality than those obtained from the other candidate (Ni) so we will emphasize the Cr results. The Be-like chromium line necessary to pump the n = 4 level of He-like fluorine (899.78 eV) should occur at 899.58 eV. Examination of the spectrum shown in Fig. 12 (from one rear-side spectrograph) illustrates the uncertainty in spectral calibration. There is a distinct group of 5 lines occurring from about 0.87 to 0.91 keV which should be associated with Be-like 3d-2p transitions. Unfortunately, because of the uncertainty in our (25 eV) energy calibration, it is not possible to conclusively state that the desired overlap occurs. Further measurements which will improve the accuracy with which we can determine these line positions are currently in progress at KMS Fusion Industries (Ann Arbor, MI) and others will be performed at LLNL early in the Novette experiment schedule.
The primary objective of these measurements was the determination of the flashlamp pump line brightness. To facilitate comparison to the kinetics calculations in the computer code XRASER, we express the brightness in terms of modal photon density (photons/mode). The modal photon density is really the measure of the line's brightness at a given frequency which can be compared to that of a blackbody radiating at a prescribed temperature. N p = {exp(hv/kT) -l}-' photons/mode for an optically thick source in equilibrium; thus, if hv = kT, N p = 0.58 photons/mode, and if hv = 2.822 kT(peak of black- Area of emission assumed to be 6.4 x cmz from X-ray microscope data.
be 200 ps.
AT obtained from streaked transmission grating data for one shot only; for others assumed to Relating N p to parameters we actually measure gives the following relation:
AEnaturai mode where Ehv is the transition energy in eV, AT is the transiiion time duration (FWHM) in s, A is the plasma emission area in cm2, AEexp/AEnaturd is the ratio of the experimental linewidth (FWHM) to the natural (and Doppler-broadened) linewidth, and I is the measured intensity in units of keV/keV .
sphere. For these experiments, I (LLNL data) is uncertain to 250 percent. The uncertainty in Ar is not measured since the time duration of emission for individual lines was not determined and AEexp/AEnatural is known to t 5 0 percent leading to large uncertainty in N p . Future experiments at KMS and LLNL will focus on reducing the error in each of these parameters. Table IV represents some modal photon intensities derived for the most intense lines in the Cr t CH and the Ni t CH spectra taken during these experiments. We have used the transmission-grating streak camera for Ar, the time duration laser-produced X-ray emission. In the Cr case, the lines assumed to be candidates for pumping the laser (i.e., from the Be-like sequence) are -one-half these values. The line brightness is somewhat smaller than the value presumed in calculating the photopumped X-ray laser schemes, namely 0.01 photons/mode. There is, however, considerable uncertainty in the data. Nonetheless, attempts to increase N p must be determined by experiments performed on Novette in the early phases of the X-ray laser experiments program. Methods to lWe note, however, that striving for higher temperature can sometimes overstrip (ionize) the ions leading to less than optimum production efficiency for the parent ion of the pumping transition. J" is the integrated spectral energy (0.7-1.4 keV) radiated into 4n sterad; not shown for 0" target orientations because opacity of plasma jeopardizes measurement.
increase the value of N p by utilizing the wide range of irradiance conditions available at Novette (namely hL = 0.53 pm and higher intensities) are presently being considered and these options will be examined during an early measurement sequence at Novette.2 to note include: 1) these spectrographs agree on integral X-ray yield to within a factor of 2-3, except when target is normal to laser beam (this is no doubt a line-of-sight, i.e., opacity effect, or geometry problem). Using the Cr shots as an example, the total energy radiated in lines is -5 percent (10 percent) of the incident (absorbed) laser energy; 2) spectrographs oriented at two different angles indicate anisotrophy of emission particularly when the target is normal to laser (this gives our instruments an edge-on view) and a somewhat greater than COSzO correction is necessary to get agreement between the two LOS; we, therefore, can attribute the difference to bulk as well as individual line opacity effects; 3) differences in IMAX values IEEE JOURNAL O F QUANTUM ELECTRONICS, VOL. QE-19, NO. 12, DECEMBER 1983 between front and rear are due t o different resolving-power, intensity calibration, and perhaps source emissivity for front of foil versus back side.
IV. SUMMARY AND CONCLUSIONS
In summary, we have partially characterized the line radiation produced by potential flashlamp line sources. We have demonstrated the feasibility of the laser-heated flashlamp concept; namely, that a bright uniform source of L -+M radiation can be produced. However, several areas of uncertainty have emerged as the result of performing these measurements: 1) we must improve the accuracy with which we determine flashlamp line centroid energy; 2) we must determine flashlamp line widths, and 3) we must measure the time duration of individual lines (i.e,, with a high resolution spectrograph). As result of the experience gained in this early work, future measurements will provide much more accurate assessment of flashlamp line brightness. Methods to optimize (i.e., increase) flashlamp brightness must be explored since some X-ray laser schemes will be marginal at the present values. Experimental parameters which could effect the flashlamp output include laser wavelength, intensity, and flashlamp thickness.
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